CHAPTER 7. FALSEWORK FOUNDATI ONS

Section 7-1 Introduction

This chapter discusses the nethods and procedures used by the
Division of Structures to evaluate the adequacy of fal sework pad
and pile foundations. Also included is a brief discussion

of other foundation systenms occasionally encountered on bridge
projects in California.

To an extent, the Division's procedures are approximations,

havi ng been deveIoPed froma subjective evaluation of the actual
manner in which fal sework pads and piles react when | oads are
applied. Although enpirical in sone cases, the procedures give
results that are acceptable in the light of falsewirk require-
ments. To ensure uniformty, the Division's procedures are to be
followed by bridge field personnel in all cases when revi ew ng
the contractor's fal sework design for structural adequacy and
conpliance with contract requirenents.

From an adm ni strative standpoint, the elenents of the fal sework
sKsten1conp(ising the foundation differ fromother elenents of
the systemin one inportant aspect. The specifications permt
the contractor to place fal sework pads and drive fal sework piles
before the fal sework design has been reviewed and the draw ngs
approved. Division policy requires pad placement and pile
driving to be inspected, to the extent necessary to ensure
adequat e foundation suPPort, at the tine the work is done. Any
i nconsi stencies and ditfterences between the fal sework draw ngs
and the work being performed in the field should be brought to
the contractor's attention inmmediately.

Section 7-2 Tinber Pads

7-2. 0l Ceneral

Fal sework posts may be supported by individual pads, which may be
square or rectangular, or several posts may be supported by a
continuous pad. Additionally, a falsework pad may consist of a
singl e menber or of several nenbers set side-by-side.

Corbel s are short beanms which are used to distribute the post

| oad across the top of the individual pads in a nmultiple pad
system In a typical tinber systemthe corbel wll be a tinber
menber of the sane di mensions as the post it suPports; however,
steel w de-flange beans are often used as corbels when the post
load is relatively high or in any case where steel posts or pipe
colums ace used to carry the vertical |oad. Additionally, when
the vertical design load is very high, as is often the case for a
fal sework bent adjacent to a wide traffic opening, it is often
necessary to use two or nore closely spaced corbels to adequately
di stribute the | oad over the fal sework pad.
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As a general design procedure, a falsework pad may be viewed as a
cantil ever bean1extend|n? fromthe face of the post or corbel.
Wth the beam | oaded uniformly with the soil pressure, bendlng
and shear stresses may be calculated. Keep in mnd, however,

that this approach will not give exact val ues because the assumed
uni formload distribution does not occur in actual practice.

To facilitate analysis of tinber pad systens, the Division of.
Structures has devel oped an enpirical procedure which provides
sufficient pad rigidity to assure a reasonably uniform | oad
distribution. The Division's procedure is explained in the

follomnng sectlons and illustrated in several exanple problens
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Formula for F, = 1500 psi (pad thickness 8 inches or 1less)

L = [(3t+3GS/P \J(3t+3GS/P) _i}
e~

L =1 3t-+43.202$[P)+ 3t + 43.2025/P\2 _ t?
" % 12 \ 12 ) 16

In the formulas, L, is the theoretical effective length of the
pad in feet, t is the post width in inches, Sis the pad section
nmodul us in inches cubed, and P is the post |load in kips.

FI GURE 7-1

7-2 Revi sed 05/92



FOUNDATI ONS

7-2.02 Definitions

The term "theoretical effective Ien?th" means the maxi mum | ength
over which a falsework pad is capable of distributing the post
load uniformy, all other factors being equal.

The ternl"linitinP | ength" neans the length over which a specific
fal sework pad will actually distribute the post [oad unifornmly at
t he post |ocation under consideration.

7-2.03 Analysis of Continuous Pad Systens

I n a continuous pad system where the posts are uniformy spaced,
the theoretical effective Ien?th of the pad is equal to the EOSt
width plus twice the length of a cantilever extending fromthe
face of the post or corbel a distance such that the cal cul ated
bending stress in the pad equals the allowable stress.

Figure 7-1 shows the fornulas that are used to calculate the
theoretical effective length at an interior post when the post
sPacing is uniform along the pad. Note that the theoretical
effective length is nmeasured along the pad in the direction of
the wood grain, the cantilever length is measured from a point
m dway between the center and edge of the fal sework post, and
the effective length fornmulas are derived by applying the soi
pressure load uniformy.

The two fornmulas shown in Figure 7-1 are derived from quadratic
equations, and their use requires a cunbersone calculation. To
expedite the fal sework design review, the Division has devel oped
asinmplified formula that may be used for the symetrical |oading
condition that occurs when the post spacing is uniform The
sinplified fornula gives results that are accurate within one
percent for the range of post |oads and nenber sizes comonly
used for falsework construction in California. For descriptive
purposes, the sinplified formula is designated the "SYM fornula.

The SYM formula is:
Loyw = t/12 + F,S/1500P

where L gy iS the theoretical effective length in feet; t is the
w dth of the post or corbel in inches; F, is the allowable bend-
ing stress in psi; Sis the pad section nodulus in inches cubed,;
and P is the post load in Kips.

When the all owabl e bending stress value is substituted for Fy,
the fornula reduces to:

Lyy = t/12 + S/P (when F, = 1500 psi)

Loy = /12 + (1.2) (S/P) (when F, = 1800 psi)
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FI GURE 7-2

Wien the post spacing is not uniform the pad is asymetrical for
analysis. For the asymmetrical condition, the limting length of
t he ﬁad on one side of a post will not equal the limting |ength
on the opposite side, and the two respective |engths nust be
detern1ned |ndependently Furthernore, the calculations are

conplicated by the fact that it has not been possi bl e to devel op
a sinplified fornula for the asymmetrical |oading condition.

Refer to the asymetrical |oad shown in Figure 7-2 and note the
fol | ow ng:

L ,is thelimting length on the short side, in feet.

L , may not exceed the smaller of (1) one-half of the post
spacing on the short side, or (2) one-half of the length
determ ned by the SYM fornul a.

L, is the limting length on the long side, if feet.

L , may not exceed the smaller of (1) one-half of the post
spacing on the long side, or (2) the Ien%th given by the
| ong side effective Iength fornula for e asymmetri cal

| oadi ng condition. For identification, this fornmula is
designated the "ASYM' fornula, The ASYM fornmula is:

. _1(t . SFb)+\]SFbL1 _ (t/12)2 [(t . _SFy )]2
ASYM -~ S| 54 000D ZNOND

2124 6000P 6000P 16 2\24 6000P
It is inportant to note that the length given by both the SYM and
the ASYM fornmulas is the pad length at which the actual bending
stress i & he pad equals the allowable bending stress. Since the

fornulas are based on bending, it is not necessary to calculate
t he bending stress when eval uating system adequacy because, for a
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?iven post |oad, any pad length less than the |length given by the
ormulas will produce a bending stress that is |less than the
al l owabl e stress.

For the asymmetrical |oading condition, pad bearing |ength, soi
pressure and the horizontal shear in the pad on the long side are
given by the follow ng fornulas:

Bearing length (feet) =1L, + L,

(1000) (P)
(L, + L,) (b/12)

Horiz. shear (psi) = :3: % (_11(')02):_[52?) % L - t;iz)‘l(d; d/12
1

Soil pressure (psf) =

In the preceding formulas, Pis the post load in kips; Sis the
pad section nodulus in inches cubed; F, is the allowable bending
stress; t is the wdth of the post or corbel in inches; b is the
pad width in inches; and d is the pad thickness in inches.

7-2.03A Pad Analysis at Interior Posts

Figure 7-3 shows a fal sework bent where the post spacing is
uni form along a continuous pad and the post load is distributed
across the pad by a single corbel. In the figure, "PS" is the

i
post spacing (and al so the corbel spacing) and "L is the
theoretical effective length given by the SYM formul a.

- Ps - = o
I l Post G l
| PS ole PS |

2 T 2 b

L— Limiting Length ———J

I Le |

FI GURE 7-3
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When the post spacing is uniform the bearing length is symretri-

cal .

1

effective | engt h govern

System adequacy is evaluated as follows:

For a given post, calculate the theoretical effective
l ength of the pad using the SYM fornul a.

Conpare the length fromstep 1 and the post spacing. The

"shorter of these two lengths is the limting length, or the

length to be used in the analysis.

The bearing length in the Figure 7-3 exanple is determ ned
by post spacing. In general, this wll be the case for

fal sework bents on California projects, However, when
relatively light nenbers are used as pads, post spacing may
not be the determning factor; therefore, the step 2
conpari son nust be made in all cases.

Usi ng the post spacing (or the effective length if the
s) calculate the soil pressure.

| f the soil pressure does not exceed the allowable soil
bearing value, calculate the stress due to horizontal shear.
For this calculation, consider the pad as a continuous beam
| oaded uniforn1Y wth the soil pressure over a |ength equal
to the bearing length determ ned by the ste? 2 conpari son,
and calcul ate the stress at a distance "d" fromthe face of
t he post or corbel where "d" is the pad thickness.

Wien the post spacing is not uniform the contribution to system
adequacy nade by the pad on one side of a post nust be determ ned
ind%FendentIy of the contribution made by the pad on the opposite
side.

Refer to the system shown in Figure 7-4, System adequacy is
eval uated as foll ows:

1

2

.Use the SYM formula to calculate the theoretical effective

length of the pad at the post under consideration.

.Conpare one-half of the length fromstep 1 and one-half of

t he post sFacin% to the left of the post. The shorter of
these two lengths is the Iiniting l ength (the l[ength that
actually contributes to system adequacy) on the left side.

In this exanple the left side conparison is nade first
because, for the post configuration shown in Figure 7-4,
the post spacing to the left of the post is less than the
spacing to the right:

! See Chapter 4, Section 4-2.05, Horizontal Shear, for a

general discussion of horizontal shear in tinber beans.
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FIGURE 7-4

3.

If the limting length on the short side of the post is
one-half of the theoretical effective length as determ ned
by the SYM fornula, the bearing length is symetrical for
anal ysis. (Note that this is not the case in Figure 7-4.)

|f the bearing length is symetrical, calculate the soil
pressure and the stress due to horizontal shear follow ng
t he procedure explained above for the symetrical analysis.

If the limting length on the short side(L,) is one-half

" of the post spacing, as shown in the Figure 7-4 exanple,

the bearing length is asymetrical

For the asymetrical analysis, calculate a new effective

| ength on the long side using the ASYM fornmula. (The ASYM
formula is shown on Page 7-4)

Conpare the long side effective length from step 4 and one-

"hal f of the post spacing on the long side. The shorter of

these two lengths is the limting |engthLy the | ong
side. (The long side is the right side in Fi'gure 7-4.)
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6 . The sumof the Iinitinq}lengths found in steps 2 and 5 is
the bearing length at the post under consideration.

3. Using the bearing length fromstep 6, calculate the soi
pressure. |f the soil pressure does not exceed the allow
able soil bearing value, calculate the stress due to hori-
zontal shear on the long side using the formula shown on
Page 7-5.

7-2.03B Pad Anal ysis at Exterior Posts

For exterior posts, the contribution to system adequacy made by
the length of pad on the outside of the post nust be determ ned )
I ndependently of the contribution made by the pad on the inside.
Figure 7-5 shows the post configuration for an exterior post in
a typical continuous pad system System adequacy is evaluated
as foll ows:

1. Use the SYM fornula to calculate the theoretical effective
length of the pad at the exterior post.

2 . Miltiply the calculated Iength by a stiffness coefficient
of 0.8 to obtain an adjusted effective Iength. (Note that
this step is necessary because the pad length on the out-
side of an exterior post resists the applied loads in the
sane manner as an individual falsewrk pad. See the dis-
cugsifn in Section 7-2.04, Analysis of I|ndividual Falsework
Pads.

3 . Determne the limting length on the outside of the post by
conparing one-half of the adjusted effective length and the
di stance fromthe center of the post to the end of the pad.
The smaller of these two values is the Iimting | ength(yL)
on the outside of the post.

4 . Determne a prelimnary limting length on the inside of
the post by conparing one-half of the theoretical effective
length calculated in step 1 and one-half of the distance
(post spacing) to the first interior post. The smaller of
these two values is the prelimnary limting length on the
i nside of the post.

® For typi cal bent configurations and post spacing, the pad
length on the inside of the post will be the long side for the
analysis. Keep in mnd, however, that the procedure for
eval uating system adequacy as explained herein is also valid in
any case where the long side length is on the outside.
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FI GURE 7-5

f the step 3 and step 4 limting lengths are equal, the
bearing length is symmetrical and pad adequacy nay be
eval uated using the procedure for uniformy spaced interior
posts. (But note that this is unlikely to occur in actua
practice.)

.If the step 3 and step 4 |lengths are unequal, the bearing
length is asymetrical. For the asymetrical loading it is
necessary to calculate the effective length of the pad on
%he Hnside of the post (the long side) using the ASYM

or nul a.

Canare the length obtained fromthe ASYM formula and the
prelimnary imting length fromstep 4. The shorter of
these two lengths is the limting |ength(xL,) on the inside
of the post.

. Add the limting length on the outside and the [imting
length on the inside to obtain the bearing |ength.

Using the bearing length fromstep 7, calculate the. soi

'pressure and the stress due to horizontal shear in the pad
on the long side using the fornulas on Page 7-5.
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7-2.03C Multiple Corbel Systens

The term "post spacing" has been used in the precedin? section to
facilitate understanding of the Division's procedure for pad

anal ysis in continuous pad systens. But as previously noted,

when the falsework pad is nade up of two or nore individual
menbers placed side-by-side, as 1s typically the case, corbel
beans are used to distribute the post load uniformy across the
top of the pad. As a design. concept, then, the Iinitin% | ength
determ nation actuallﬁ i nvol ves consideration of the corbe
SEaCing rather than the post spacing, even though in many cases
the two distances are the sane.

This distinction is not of any practical consequence when each
ost has its own individual corbel: however, when the vertica
oad is distributed to a continuous pad through a system of two

or nore cIoseI% spaced corbels, the procedure for evaluating pad

adequacy for the asymetrical |oading condition as discussed In
the preceding section gives limting lengths that are shorter,
and soil bearing values that are higher, than is actually the
case. This circunstance occurs because, as the-corbel spacing
approaches the corbel width, the pad distributes the total |oad

as though it were actually inposed by a single corbel havin% a

wi dth along the pad of approximtely the distance between the

outside faces of the adjacent corbels.

In view of the manner in which fal sework pads respond to | oads
aPpIied by closely spaced corbels, the D vision has devel oped an
alternative procedure for evaluating pad adequacy in a nultiple
corbel system The alternative procedure should be used when the
cl ear distance between adjacent corbels is equal to or |ess than
tw ce the thickness of the fal sework pad.

7-2.03C(1) Multiple Corbel Analysis at Interior Posts

Figure 7-6 shows a typical multiple corbel system Wen the post
spacing is uniform as is the case at post (a?, bearing length is
symmetrical and pad adequacy is evaluated as foll ows:

1 . Calculate the theoretical effective length of the fal sework
pad using the SYM fornula. For this calculation, use the
post |oad, not the |oad applied by the corbel.

Note that it is necessary to use the post |oad because the
pad responds to | oads applied by a system of closely spaced
corbel s as though the |oads were actually applied by a
singl e corbel.

2 . Conpare one-half of the length fromstep 1(L./2 and one-
hal f of the corbel spacin%. ( Cor bel sPacing I's designat ed
as "CS" in Figure 7-6.) The shorter of these two |engths
is the limting length on both sides of the system
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The limting length at post (a) in Figure 7-6 is determ ned
by the corbel spacing, and this is usually the case for

fal sework designs on California projects. However, if the
pad is nmade up of relatively i ght nenbers, corbel spacing
may not be the determning factor; therefore, the step 2
conpari son nmust be made in all cases.

3 .Determne the bearing length. The bearing length is the
sumof the Ilimting lengths on either side of the corbel
system plus the distance between the corbel centerlines.
(The distance between the corbel centerlines is designated
as "m' in Figure 7-6.)

4 . %alculate soi|l pressure and the stress due to horizontal
shear.

Because of bearing Ien?th symetry, the limting |engths on each
side of the systemw Il be equal; consequently, the procedure may
be sinplified as follows:

1 . Calculate the theoretical effective length of the pad usin
the SYM fornmula and the post |oad. Conpare this length an
t he corbel spacing. The shorter of these two |engths plus
the distance "ni' is the bearing |ength.

2 . Using the bearing length fromstep 1, calculate soil pres-
sure and the stress due to horizontal shear.

When the systemis asymetrical, as is the case at post (b) in
Figure 7-6, the procedure is as follows:

1 .Calculate the theoretical effective length of the fal sework
pad using the SYMfornmula and the total post |oad.

2 .Conpare one-half of the length fromstep 1 and one-half of
t he corbel spacing on the short side of the system The
shorter of the two conpared lengths is the [imting |length
on the short side. (In Figure 7-6, the short side is the
left side and the limting length is one-half of the corbel
spacing to the left of the post.)

If the limting length on the short side is one-half of the
theoretical effective length, the bearing length will be
symmetrical for analysis. In such cases, pad adeguacy may
be evaluated by the procedure previously explained for the
symmetrical |oading condition. (As previously noted, how
ever, this is not usually the case, and it is not the case
in the Figure 7-6 exanple.)

3. If the limting length on the short side is one-half of the
corbel spacing, as is the case at post (b) in Figure 7-6,
the bearing length is asymetrical. For the asymmetri cal
condition it is necessary to calculate the effective pad
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l ength on the Iong side using the ASYM fornula and a ficti-
tious limting length on the short side. As shown in
Figure 7-6, for descriptive purposes the fictitious limt-
ing length is designated as FL,.

Fmill be nunerically equal to one-half of the effective
length calculated in step 1 but not nore than one-half of

t he corbel spacing on the short side plus the distance "ni.
(In the Figure 7-6 exanple FL, is equal to one-half of the
effective length because this length is |ess than one-half
of the corbel spacing on the short side plus "ni'.)

4. Calculate the theoretical effective length on the |ong side
using the ASYM formula and FL, from step 3.

5 . Conpare one-half of the theoretical effective length from
step 1, the long side effective length fromstep 4 and one-
halt of the corbel spacing on the long side. The shortest
of these three lengths is the limting |length(L, on the
long side. (In the Figure 7-6 exanple, L,is one-half of
the theoretical effective length.) -

6. Determne the bearing length. The bearing length is the
sum of the short side limting length fromstep 2, the |ong
side limting length fromstep 5 and the distance "ni.

See Figure 7-6.

7 . Using the bearing length fromstep 6, calculate the soi
pressure. |If soil pressure does not exceed the allowable
soi|l bearing value, calculate the stress due to horizontal
shear in the long side of the pad.

The procedures described above for two corbel systens are al so
aﬁpllcable when three (or nore) corbels are used to distribute
the vertical load. In such cases, the length "ni' is the distance
(nmeasured centerline-to-centerline) between the two outernost
corbels in the system

In sone cases the load fromtwo (or nore) posts wll contribute
to the total vertical load to be distributed through the corbel
system For this configuration, the total |oad applied to the
system nust be used to calculate the effective length of the pad.

7-2.03C(2) Multiple Corbel Analysis at Exterior Posts

Figure 7-7 shows a multiple corbel configuration at an exterior
post. VWen the short side is on the outside of the post, as is
the case in Figure 7-7, system adequacy is evaluated as foll ows:

| . Calculate the theoretical effective pad |ength-using the
SYM fornula and the post |oad.
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2 .

Multiply one-half of the length fromstep 1 by a stiffness
coefficient of 0.8 to obtain. an adjusted effective |length
of pad on the outside of the exterior post. (This step is.
necessary because the pad on the outside of an exterior
post resists the applied loads in the same manner as an

I ndi vi dual fal sework pad. See Section 7-2.04, Analysis of
| ndi vi dual Fal sework Pads.)

Determine the limting |length on the outside of the post by

'conparing the adjusted effective length fromstep 2 and the

di stance fromthe center of the outside corbel to the end
of the pad, The smaller of these lengths is the [imting
l ength (L,)on the outside of the exterior post system

.Determne a prelimnary limting length on the inside of

the post by conparing one-half of the theoretical effective
length calculated in step 1 and one-half of the corbel

spaci ng. The smaller of these lengths is the prelimnary
[iTmting length on the inside of the exterior-post.
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.f the step 3 and step 4 limting lengths are equal, the

bearing length is symmetrical and pad adequacy may be
eval uated by the procedure for uniformy spaced interior
posts explained in the preceding section.

If the step 3 and step 4 lengths are unequal, the bearing
length is asymmetrical. For the asymretrical condition it
I's necessar% to calculate the effective pad |ength on the
inside of the post (the long side) using the ASYM fornul a
and a fictitious short side limting length. (Seefrr,in
Figure 7-7.)

Fmill be nunmerically equal to one-half of the adjusted
eftrective length calculated in step 2, but not nore than
the outside edge distance plus the distance "nm'. (In the
Figure 7-7 exanple, FL,is the nunerical equivalent of one-
hal f of the adjusted effective length.)

Cal culate the theoretical effective length on the |ong side
using the ASYM fornmula and FL,from step 6.

.Compare the long side effective length fromstep 7 and the

prelimnary limting length fromstep 4. The shorter of
these two lengths is the limting | ength(L,) on the inside
of the post.

Determ ne the bearing length. The bearing length is the
sum of the outside limting length fromstep 3, the inside
limting length fromstep 8, and the distance "ni'. See
Figure 7-7.

Using the bearing length fromstep 9, calculate the soi
pressure. |If soil pressure does not exceed the allowable
soi|l bearing value, calculate the stress due to horizontal
shear in the pad on the inside of the post,

The sanme general procedure applies when the short side is on the
inside of an exterior post. For such cases the limting |engths
are determned as foll ows:

1.

2 .

The limting length on the inside of the post (L) is the
shorter of one-half of the effective length cal cul ated by
the SYMfornmula or one-half of the inside corbel spacing.

The fictitious limting length (FL;) is one half-of the
effective length calculated by the SYM fornula, but not
nore than one-half of the corbel spacing plus "ni,

The Iimting length on the outside of the post is the

'Iength cal cul ated by the ASYM formula but not nore than the

shorter of the edge distance or one-half of the effective
length multiplied by the stiffness coefficient.
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7-2.04 Analysis of Individual Fal sework Pads

The SYM and ASYM formulas and the review procedures discussed in
the preceding section were developed specifically for analysis of
continuous pad systems. Because of the rigidity provided by beam
continuity, continuous pads are stiffer members than individual
pads of the same width and thickness; consequently, continuous
pads have greater ability to distribute the post load uniformly,
all other factors being equal.

Application of the Division's review procedure to individual pads
requi res an acconmodation to account for the greater rigidity

i nherent in continuous pad systens. This is acconplished by

mul tiplying the length ?iven by the SYM and ASYM fornulas by a
stiffness coefficient of 0.8 to obtain an adjusted (shorter)
length to use in the individual pad analysis. Use of the stiff-
ness coefficient gives an effective length that reflects the |oad
di stribution actually achieved by an individual pad, and thus
assures that the procedures used to evaluate the adequacy of
continuous and individual falsewrk pads are conpatible.

In other respects, the procedures used to eval uate individual
pads are simlar to those used in the analysis of continuous

pads, as discussed in the follow ng sections.
7-2.04A Analysis of Symmetrical Pads

Figure 7-8 shows an individual falsework pad where the bearing
length is symmetrical about the post centerline. For the sym
nmetrical |oading, pad adequacy is verified as foll ows:

1 . Calculate the theoretical effective length of the pad using
the SYM fornul a.

2 . Miltiply the theoretical effective length by the stiffness
coefficient of 0.8 to obtain an adjusted effective |ength.

The adjusted effective length may not exceed the actual
pad length. Therefore, if the adjusted effective |ength
Is greater than the actual l|length, use the actual |ength
in the remaining calculations. (See Figure 7-8.)

3 . Using the governing length (adjusted effective Iength or
actual length) fromstep 2, calculate the soil pressure.

4 .1f the soil pressure does not exceed the allowable soi
bearing value, calculate the stress due to horizontal
shear. For this calculation, consider the pad as a beam
| oaded uniformy with the soil pressure over the length
determned in step 2.
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FIGURE 7-8

7-2.04B Analysis of Asymmetrical Pads

Ref er

to Figure 7-9 which shows a non-symmetrical |oading. Pad

adequacy is evaluated as follows:

1

Cal culate the theoretical effective length using the SYM
formula. Multiply the cal culated value by the stiffness
coefficient (0.8) to obtain the adjusted effective |ength.

Compare one-half of the adjusted effective length and the

"actual length of the pad cantilever on the short and |ong

sides of the post. The shorter of the two conpared |engths
on each side of the post is the limting length on that
side. (See Figure 7-9)

f the limting length on the both sides of the post is

one-half of the adjusted effective length, the bearing
length is symmetrical. In such cases system adequacy may
be eval uated by the procedure described in steps 3 and 4
for symetrically |oaded pads.

When the limting length on the short side is the pad

'Iength, as shown in the Figure 7-9 exanple, the bearing

Iength is asymmetrical. For the asymmetrical |oading
condition, calculate a new effective length on the long
side using the ASYM forml a.

Multiply the Iength given by the ASYMfornula by the stiff-

ness coefficient (0.8) to obtain the |imting length on the
| ong side.
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FI GURE 7-9

6. Add the short and long side limting | engths(l, and L,) to
obtain the bearing length. (In figure 7-9 1L, is the actual
pad length and L, is the adjusted effective length fromthe
ASYM formul a.)

7 .Using the bearing length fromstep 7, calculate the soil
pressure. If the soil pressure does not exceed the
al l owabl e soil bearing value, calculate the stress due to
hori zontal shear in the pad on the long side using the
fornul as on page 7-5.

For some asymmetrical |oading configurations, the adjusted
ASYM |l ength (L, )W |l be shorter than the L,length, in

whi ch case the stress due to horizontal shear will be

cal cul ated on the L, side. (See Exanple Problem 1IB.)

7-2. | nt n Int lLocation in ntin P
To ensure the uniformload distribution assuned in the analysis,
joints (that is, points of pad discontinuity) are not permtted

within the limting length of any continuous fal sework pad,
unl ess doubl er pads or supplenental pads are provided.
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| f, because of the post spacing or other design consideration,
joints nust be located within the limting length of a continuous
pad, and if neither supplenental pads nor_ doubler pads are to be
used, the interior posts adjacent to the joint nust be viewed as
exterior posts for analysis. If the falsework pad neets the
exterior post criteria, the systemis adequate at that |ocation,

Joint location, because it directly affects the ability of a
continuous pad to distribute the post load uniformy, Is an

I mportant design consideration. Joint |ocation nust be planned
i n advance and shown on the fal sework draw ngs, unless elther
doubl er pads or one or nore supplenental pads are to be used.

Any intended use of supplenental or doubler pads nust be shown
on the fal sework draw ngs.

7-2. 05A Suppl enent al Pads

To facilitate construction, sone contractors intentionally over-
desiﬁn a continuous pad system by providing a greater overall pad
wi dth, and a correspondingly greater nunber of-individual pad
menbers, than would be required by theoretical design considera-
tions. The redundancy provided by the supplenmental pads allows
greater flexibility in joint |ocation.

When suppl enental pads are provided, joints may be [ocated within
the limting length of a continuous pad system subject to the
followng restrictions:

1 . Joints in adjacent nenbers nust be staggered.

2 . At any given joint |ocation, the net wdth of the continu-
ous Pad system may not be |ess than would be required if
suppl emental pads were not used. (Net wdth is the wdth
remai ning after deducting the width of all pads having
joints at the |ocation under consideration.)

3 . Joints in individual nenbers conprising the net width of
the continuous pad system as defined above, may not be
| ocated closer to the joint in the supplenental pad than
the limting length at that joint |ocation.

Since supPIenentaI pads are not considered in the analysis, they
must be clearly identified as such on the fal sework draw ngs.

7-2.05B Doubl er Pads

A doubl er pad, which is a second pad placed on top of the nain
pad, may be used to carry the post |oad across a joint |ocated
wthin the limting length of the nain pad.

A doubl er pad may be an individual pad at a given post |ocation
or a continuous pad placed between two or nore posts. To

7-19 Revi sed 05/92



CALI FORNI A FALSEWORK MANUAL

2 pad thicknesses —\

A
-

<
-

] [ ) | 3

|
= I 1 + <
% Lp— p—Llp — n Lp — :
Case | Case | | Case 111
FI GURE 7-10

maintain the integrity of a continuous pad sKstenl doubl er pads
must be of the same wdth and thickness as the main-pad, and they
nmust be installed as provided in the follow ng paragraphs,

Refer to Figure 7-10 and note that |ength "Lﬁ'is t he a%;usted

effective length of a symetrically |oaded phantom pad designed
in accordance with Section 7-2.04. Analysis of Individual Pads.
Use of doubler pads nust conformto the following criteria:

1. If ajoint in the main continuous pad falls within the zone
established by length L,, either an individual doubler pad
or a continuous doubler pad may be used. |If an individual
pad is used, it nust be |ong enough to conpletely cover the
1gzone. (See Case | in Figure 7-10.) If the doubler pad
is continuous, it nust extend past the adjacent post to the
edge of the L, zone. (Case Il in Figure 7-10.)

2 . If ajoint in the main continuous pad falls beyond the L,
zone but within the limting length of the nain pad, a
conti nuous doubl er pad nust be used, and it nust extend
past the posts on either side of the joint at |east tw pad
t hi cknesses. (Case IIl in Figure 7-10.)

7-2 .06 Corbels

Corbels are short beans used to distribute the post |oad across
the top of the individual pads in a nultiple pad system

Wien a corbel is used, Dvision of Structures policy requires
that it extend across the full width of the pad even though
extension of the corbel to the outside of the pad may not be
requi red by theoretical design considerations.
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The Division's procedure for evaluating corbel adequacy is based
on the follow ng assunptions:

1.

The post load is applied symretrically and is uniformy
di stributed across the full wdth of the pad.

The assumed symmetry may not be valid in the case of a
continuous pad system where one or nore supplenental pads
are used to facilitate joint |ocation. However, assumng a
symmetrical load distribution will give a conservative
result when suPpIenentaI ads are used, and the assunption
greatly sinplities the cal cul ation.

When resisting the |load applied by the pad, the corbel acts

li ke a cantil ever beam

For tinber corbels, the point of fixity of the cantilever

'bean1(and the point of nmaxi mum bendi ng nmonent) is |ocated

m d-way between the centerline and outside face of the
post .

For steel beam corbels, the point of fixity (and the point
of naX|nun1nDnentL is located in a vertical plane at the
outside face of the post.

If a round post is used, the post width to be used in the

' analysis is the length of the side of an equivalent area

square post.

7-2. 06A _Ti nber Corbels

Figure 7-11 shows a typical tinber corbel system where the post
Is rectangul ar. System adequacy is evaluated as follows:

1

~Calculate the perpendicular-to-grain bearing stress at the
interface between post and corbel.

|f the cal cul ated stress exceeds the allowabl e stress, the
system nust be redesigned to reduce the post |oad or the

| oad nust be distributed over a larger bearing area by
nmeans of a steel plate. If a steel plate is used, the
anal ysis is based on the assunption that the post width is
nunmerically equal to the length of the steel plate.

Calculate the vertical shear at a distance from the face of

"the post equal to the depth of the corbel. Calculate the

hori zontal shearing stress at this |ocation.

| f horizontal shearing stress does not exceed the allowable

'stress, cal cul ate the bending nonent and the bendi ng

stress. The system is adequate if the calculated bending
stress does not exceed the allowable stress.
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7-2. 06B Steel Corbels

For steel beam corbels the procedure is as follows:

1.

Cal cul ate the web crippling stress under the post using the
total post |oad.

|f the calculated stress exceeds the allowable, the l[ength
of bearing nust be increased or the beam web stiffened.

Cal cul ate the shear stress on the beam web using one-half

" of the total post | oad.

Cal cul ate the bending nonent and the bending stress. (For

st eel beam corbels, the cantilever length is neasured from

the face of the post.)

Cal cul ate the perpendicular-to-grain bearing stress at the

interface between corbel and pad.
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Section 7-3 Pile Foundations

7-3.01 General

In general, pile foundations wll be required whenever site
conditions preclude the use of tinber pads or concrete footings,
Typically, piles are used to support falsework for structures.
over water, for fal sework such as heavy duty shoring where |eg
| oads are high and/or where differential settlenent nust be
prevented, and for any type of fal sework where a conventi onal
foundation is not feasible because of poor soil conditions.

| n nost cases tinber piles will provide the nost economical pile
foundation. However, the design load on tinmber piles is limted
to 45 tons; consequently, steel giles may be nore econom cal when
|arge loads are to be carried. Regardless of other considera-
tions, steel piles may be the better choice at any |ocation where
difficult driving conditions are antici pated.

Driven piles may be cut off and capped near the-ground line, in
whi ch case the superstructure load will be carried by braced
bents erected on top of the pile cap. In this configuration the
piles will be supported throughout their |ength; therefore, they
W ll be subjected to axial loading only. Unless driven by a drop
hamrer, such piles may be considered as capable of carrying a

| oad equal to the bearing value given by the ENR formula, but not
more than 45 tons for tinber piles.

|f a drop hammer is used, the ENR bearing val ue should be divided
by a safety factor of 1.5 to obtain the allowable pile capacity.

so, unless the hammer weight is clearly evident, the contractor
should be required to substantiatethe weight used in the bearing
cal cul ati ons.

Cccasionally, site conditions will dictate the use of pile bents
ext endi ng above the ?round surface. Such bents nmay be unbraced,
partI% braced or fully braced depending on site conditions. Mbst
pile bent designs will use tinber piles; however, steel piles are
al so used when warranted by site or design considerations.

7-3.02 Capacity of Tinmber Piles in Pile Bents

The | oad-carrying capacity of tinmber piles in a pile bent is a
function of many variable factors. For exanple, the type of
soi|l, the depth at which the ﬁiles are fixed in the ground, the
deviation of the piles fromtheir theoretical position, and the
contribution to system stability provided by diagonal bracing al
affect the ability of tinber pile bents to resist the applied

| oads, and all nust be considered in the analysis.
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Furthernore, the procedures used to evaluate pile capacity differ
fromthose used in the analysis of other conmponents of the false-
wor k system because the pile analysis nust consider the conbined
effect of vertical |oads, horizontal |oads and eccentric |oading
conditions to ensure that allowable stresses are not exceeded.

The factors that influence pile capacity are discussed in detai
in the follow ng sections.

7-3.02A Required Pile Penetration

The Division's procedure for analysis of tinber pile bents is
valid only if the piles penetrate the subsurface soils to the
dﬁgth necessary to develop a point of contraflexure in the
enbedded pile. (In a driven pile, the point of contraflexure, or
t he Point of pile fixity as it is called in the pile analysis, is
the |ocation below the ground surface where the pile shaft may be
considered as "fixed" against rotation when it is subjected to a
bendi ng nonent.)

Q her factors being equal, the depth of enbednment needed to
develop pile fixity is a function of soil type. Cbviously, soft
soils require a deeper-penetration than firmsoils, but

determ ning the actual penetration required is a matter of

engi neering judgnent.

The Division of Structures uses the ratio of the depth of pile
penetration to the height of the pile above ground (expressed as
DH) as the criterion to ascertain whether a given pile is
enbedded deeply enough to develop a point of fixity. For the
stress analysis, piles are considered fixed at the predicted
depth bel ow the ground surface when the D)H ratio is 0.75 or

nor e.

Wien the DDH ratio is less than 0.75, the piles are not enbedded
deePIy enough to develop the fixed condition; consequently, they
will rotate to a degree when | oads are applied. The anmount of
rotation is a function of the restraint devel oped by the actua
pi l e enbednent. The degree of restraint decreases and rotation
Increases as the D)H ratio becones smal |l er

When rotation occurs, bending stresses are reduced but overal
pile capacity is reduced as well, and in a disproportionate
amount. The procedure used by the Division of Structures to
estimate pile capacity when the enbedded length is insufficient
to develop the fixed condition is discussed in Section 7-3.04,
Field Evaluation of Pile Capacity.

As noted above, the Division's nmethod of analysis assunes that
pile enbednent is sufficient to develop the fixed condition.

This is not an unreasonabl e assunption because, for nost soil
types, the penetration needed to obtain bearing will develop pile
fixity as well. However, while this assunption may be true in
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general, it is not true in all cases; consequently, when tinber
pile bents are to be used, D vision of Structures policy requires
that approval of the design be contin%snt on the files actually
penetrating to the depth assunmed in the anal ysis.

7-3.02B Point of Pile Fixity

Assum ng adequate penetration, the depth to the point of fixity
is a function of soil stiffness and the diameter of the pile at
the ground line. The relationship is:

y = (k) (d)

where y is the distance (depth) fromground line to the point of
fixity, k is the soil stiffness factor, and d is the diameter of
the pile at the ground I|ine.

A w dely accepted rule-of-thunb assunmes that the point of fixity
is |ocated about four pile diameters bel ow the ground surface for
soil conditions ranging fromnediumhard to nmedium soft, and this
assunption has been verified by recent |oad tests. Accordingly,
assumng the depth of-pile fixity as four pile dianmeters (which
corresponds to a k factor of 4.0) wll be satisfactory for nost
soil types. For soft, yielding soils such as bay nmud, this
figure should be increased up to a maxi mum of six dianeters.

Consi deration may be given to raising the assuned point of fixity
when piles are driven into very firmsoils; however, caution is
advi sabl e because the drivin? of piles into any type of soil wll
tend to disturb the top few feet of the surrounding material.

An alternative approach uses information obtained fromthe Log of
Test Borings sheet. The average of the penetroneter readings for
the portion of the log equal to the depth of pile penetration,
adjusted by elimnating spikes, gives an indication of the
relative soil stiffness. Wth this average value, a soil stiff-
ness factor can be obtained graphically fromthe Soil Factor
Chart shown in Figure 7-12. As a precaution, however, keep in
mnd that while this method may appear sophisticated, it does

not ensure a nore accurate result. As a practical approach, use
of the four-dianeter rule-of-thunb will sinplify analysis wthout
sacrificing accuracy except in the case of very soft soils.

*As an exanple, if the above-ground height of a given bent.
is 20 feet, approval of the design should be contingent on the
piles penetrating at |east 15 feet when they are driven, and this
condition of approval should be noted on the fal sework draw ngs.
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703.02C Driving Tol erance

Unless the piles are carefully driven, it wll be necessary to

pull the top of each pile into |line before setting the pile cap.
Pulling the top of a pile fromits driven position to its final
position under the cap produces a bending nonent which nust be,

considered in the analysis. If the piles are appreciably out

of line, the resulting bending stress nay reduce pile capacity

substantial ly.

Simlarly, any deviation of the top of the pile in its final
position froma vertical |line through the point of pile fixity
Wwll result in an eccentric |loading condition that also reduces
pile capacity. Vertical |oad eccentricity, often referred to as

ile "lean", does not necessarily occur because a pile is pulled.

t is an independent |oading condition that occurs whenever the
top of a pile inits final position under the cap is not centered
around a vertical line through the point of pile fixity.

When investigating pile capacity, keep in mnd that pile pull and
ﬁile | ean are independent |oading conditions. Either condition
as the potential to reduce pile capacity substantially, and the
adverse effect of both conditions nmust be considered in the
design of tinber pile bents. To ensure that they are considered,
the specifications require the allowable driving tolerance for
both conditions (maxi mum pull and mexi num | ean) to be shown on
t he fal sework draw ngs.

7-3.02D Soil Rel axation Factor

The force required to pull the top of a pile fromits driven
position to its final position under the cap causes the pile
to bend, which in turn produces pressure on the soil below the
ground surf ace. Wth tinme, the soil wll yield under this
pressure, allowing the pile to straighten to a degree. The
yielding of the soil, called soil relaxation, |owers the point
of fixity, which lengthens the pile colum and reduces the
bendi ng stress proportionally.

In the analysis, the effect of soil relaxation is accounted for
by a soil relaxation factor. The value of the soil relaxation
factor in a given situation is a function of soil type and the
length of tinme between the initial pull and application of the
vertical |oad. These rel ationships are shown graphically in the
Soi|l Factor Chart in Figure 7-12.

For the typical bridge project, a duration of tine of about one
nmonth between the initial pull and application of at |east a part
of the vertical load is a reasonabl e expectation. As shown on
the Soil Factor Chart, for a one-nmonth duration o tine, the soi
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relaxation factor, "R', is about 1.25 for soil conditions ranging
fromhard to nmedium soft. For softer soils the value may be
increased, up to a maximumof 2.0 for very soft, yielding soils
such as bay nud.

If it is known ahead of tine that the piles will remain unloaded
for an extended period after being pulled, consideration may be
given to increasing the nunmerical value of the soil relaxation
factor. As shown on the Soil Factor Chart, the reconmmended
increase-is proportional to tinme, from 10 percent for two nonths
up to a maxi mum of 50 percent for four nonths or |onger.
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7-03. 02E Modul us of Elasticity

The specifications establish the qpper limt for the nodul us of
elasticity for tinber at 1.6 x 10° psi. This is a reasonable
value for the seasoned materi al typ|cally used for falsework
construct ion; however, a |ower value may be nore realistic for
tinber piles if relatively green material will be used.

When the nature of the materi al Bunkngmm when the analysis is
made, assune a value for E of 1.6 x |0" psi. This val ue gives
conservative results for unseasoned tinmber: therefore, its use is
appropriate when the actual character of the pile material (green
or seasoned) is not known

If green piles will be used, and if the contractor so requests,
t he anal ysis naK be based on a lower E value. Keep in mnd,
however, that e nodul us of elast|C|ty of a given mat eri al can
be deterni ned only by a load test; it cannot be determ ned by
observation. Accordingly, Di vi si on policy requires |oad test
data to be furnished by the contractor to verify the actu@
nmodul us value in any case where a value less than 1.6 x 0" psi
Is to be used.

7-3.02F Pile D aneter

Division of Structures policy requires falsework drawings to

i ncl ude enough information to enable the engineer to make a
stress analysis, and this requirement applies to pile bents as
wel | as other elenents of the fal sework system In the case of
tinber piling, however, the exact dinensions may not be known
ahead of time. In viewof this, it is customary to base the
desi gn on ni ni num di nensi ons (n1n|nun1t|p and butt dianeter,

m ni num penetration, etc.) and to show these m ni mum di mensi ons
on the fal sework dramnngs

When investigating pile capacity using contractor-furnished

m ni mum di nensions, keep in mnd that pile bents respond to
applied loads in a different manner than other conponents of the
fal sework system For exanple, if the actual dianmeter of the
driven Files Is larger than the dianeter assuned in the analysis,
vertical |oad-carrying capacity will be increased, as will the
ability of the piles to withstand the adverse effect of pile

| ean. Ot her factors being equal, however, a large diameter pile
cannot be pulled as far as a snmaller pile. If the bending stress
caused by pulling is a significant factor in the analysis, any
pile having a larger ground line dianeter than originally assunmed

may, in reality, have a |ower overall |oad-carrying capacity.

Pile diameter has a greater influence on pile capacity than any
other single factor, and the value used in the analysis should be
selected with this fact in mnd.
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7-3.03 Analysis of Timber Pile Bents

To facilitate analysis of tinber pile bents, the Division of
Structures has adopted an enpiri cal Procedure which is based on
the results of research involving full-scale load tests on driven
tinber piles. The test report concludes that evaluation of pile
capacity using ultimate |load factors will provide a higher degree
of correlation with test results than will conventional analysis
using a fixed level of working stresses.

To avoid a forced conpliance wth working stress val ues that
appear overly conservative in the |light of falsework require-
ments, the Division has devel oped a nodified conbined stress
expressi on which, when used with an enpirical procedure to
determ ne the effect on pile capacity when driven piles are
pulled into line, gives results that are in reasonably close
agreenment with the test results. Applicability of the Dvision's
procedure has been confirmed by mathematical analysis usin? t he
conputer pile shaft program currently used to design pile founda-
tions in permanent work.

I n essence, the Division's procedure is as follows:

1 . Calculate the bending stress in the pile at the tine the
pile is Pulled into position, using the maxi num all owabl e

pile pu .
stress is called the "initial" bending stress.)

2 . Calculate the bending stress remaining in the pile after
soi|l relaxation has taken place. (This stress is called
the "rel axed" bending stress.)

3 . Calculate the bending stress caused by vertical |oad eccen-
tricity, u5|n? the maxi num al | owabl e value for pile |ean
shown on the fal sework draw ngs.

4 . Calculate the bending stress caused by the horizonta
design load; calculate the lateral deflection of the pile
bent and the bending stress caused by additional vertical
| oad eccentricity resulting fromthat deflection. (This
step is not required unless the L/d ratio exceeds 8. See
Section 7-3.03C, Effect of Horizontal Loads.)

5 . Calculate the P-delta deflection for the horizontal design
| oad and, if applicable, for pile |ean; calculate the bend-
ing stress resulting fromthe P-delta deflection. (This
step is not required unless the L/d ratio exceeds 15. See
Section 7-3.03D, Effect of P-delta Deflection.)

6 . Calculate the conpressive stress in the pile.

7 .Enter the appropriate values in the conbined stress
expression to verify the adequacy of the design.
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7-3.03A Effect of Pile Pul

Determ ning the bending stress that occurs when a pile is pulled
IS a two-step process. The first step calculates the stress
produced by the initial pull. The second step cal cul ates the
stress remaining in the pile when the |oads are appli ed.

H- pile height, from ground
line to top of pile, in
feet

Fs;AéL—eﬁ Pile Top D~ pile embedment, from
¥ ground line to pile tip,

in feet

l B
(2) PF,- initial point of pile

l fixity (i.e., when pile is
| Ly Lo H pulled)

(Bi PF,- relaxed point of pile
fixity (i.e., after soil
relaxation takes place)

T A\\% | ] L,- initial length of pile
PF, column, in feet, from PF,
] to top of pile

) D L,- relaxed length of pile
l I o column, in feet, from PF,
= l to top of pile
Pile Tip N\ i Y¥,- depth, in feet, from

ground line to PF,

Y,- depth, in feet, from
ground line to PF,

(1) - driven position A- maximum allowable pile
pull, in inches, shown on

(2) - initial pulled position the falsework drawings

(3) - relaxed position e,- pile eccentricity = maxi-

mum allowable pile lean,
in inches, shown on the
falsework drawings

FIGURE 7-13
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Refer to Figure 7-13 for formula nonenclature and definition of
terns used In the analysis. The procedure is as follows:

1.

8

Assume a ground line dianmeter using the mnimm butt and
tip diameters shown on the fal sework draw ngs, the hei ght

of the bent fromground Iine to cap, and the estinmated pile
penetration. (See Section 7-3.02F, Pile D aneter.)

Usi ng the assuned ground |line diameter, calculate the

cross-sectional area, section nodulus, and nonent of

i nerti a.

Assume a value for the nodulus of elasticity. (Caution:

" see Section 7-3.02E, Modulus of Elasticity.)

Determ ne the depth below ground line to the initial point
of pile fixity. (See Section 7-3.02B, Point of Pile Fixity.)

Determne the soil relaxation factor to be used in the

'analysis. (See Section 7-3.02D, Soil Relaxation Factor,)

Calculate values for L, and L, as shown in Figure 7-13.

L =H+Y andL,=H+Y,

In the formulas, L,is the length of the pile colum when
the pile is pulled initially, ¥,is the depth to the
initial point of fixity, L, is the length of the colum
after solil relaxation takes place, and ¥, is the depth to
the relaxed point of fixity. (Note that ¥, =Y, muitiplied
by the soil relaxation factor.)

Calculate the force (F,) required to pull the top of the
pile from its driven position to its final position under
the cap.

3EIA

F = =2
(12L,))

where the value for A is the -maximum all owabl e di stance the
tOP of the pile may be pulled, in inches, as shown on the
fal sework drawings, E is 1,600, OO0 psi (unless a |ower

val ue has been selected for the analysis) and | is the
nmoment of inertia fromstep 2.

.Calculate the initial bending stress £,,in the pile.

e . FR(2L)
) T g

where S is the section nodulus fromstep 2.

7-31 Revi sed 05/92



CALIFORNIA FALSEWORK MANUAL

For evaluation of pile adequacy, Division of Structures
policy limits the calculated bending stress caused by the
initial pile pull to 4000 psi. ,

9. Calculate the force (F,) required to Keep the top of the
pile in its pulled position under the cap after all soil
relaxation has occurred.

3EIA

NEETAE = F (L))?/(L,)?

, =
10. Calculate the bending stress (f,,) remaining in the pile
after soil relaxation has taken place.

_ F,(12L))

fbv(l)— S

7-3.03B Adequacy of Diagonal Bracing

For analysis, pile bents are classed as either braced or unbraced
depending on the degree of rigidity provided by the bracing
system. In addition,-a bent is "braced" for analysis if it is
stabilized by external support or if the horizontal forces are
carried across the bent, as is often the case in the longitudinal
‘direction.

To be classed as a braced bent, diagonal bracing must meet the
following criteria:

1. Transverse bracing must comply with the provisions in
Section 5-1.03, Diagonal Bracing. In addition, the frame
must include a horizontal member installed in a plane
through the connections at the bottom of the lowest tier of
bracing. The horizontal member must be fastened to each
pile in the bent with a bolted connection.

2. Longitudinal bracing, if used to stabilize the bent, must
comply with the criteria for transverse bracing in the
preceding paragraph. If longitudinal forces are carried
across the bent, the design must comply with the criteria
in Section 5-1.04, Longitudinal Stability.

7-3.03C Effect of Horizontal ILoads

In a typical pile bent diagonal bracing will be installed between
the cap and a point near the ground or water surface. Within the
limits of -a properly designed and constructed bracing system, the
bracing will resist horizontal forces in the same manner as the

.bracing in-any other framed bent. Below the bracing, however, a
horizontal load will deflect the piles, and this deflection will
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produce a bending nonent. It is evident, then, that the ability
of a pile bent to resist the horizontal design load is a function
of the contribution to frame rigidity provided by the diagonal
bracing and the stiffness of the individual piles,

Qther factors being equal, the effect on systemstability of
bendi ng stresses Produced by the horizontal design load I1s a
direct function of the unsupported |ength of the pile colum.
(For this case the unsupported length 1s the vertical distance
between the rel axed point of pile fixity and the bolted
connection at the bottomof the |owest tier of diagonal bracing.)

To ensure uniformty, Division policy requires consideration of
t he bending stress produced by aﬁplication of the horizontal
design load in all cases where the ratio of the unsupported
pile length to the pile diameter. at the ground |ine (expressed
as L,/d exceeds 8. For typical pile dianmeters and average soi
conditions, this value corresponds to a distance of about two
feet between the ground surface and the bottom of the bracing.

7-3.03D Effect of P-delta Deflection

When an unsupported pile is subjected to both horizontal and
vertical loads, the pile wll deflect laterally in the direction
of the applied horizontal |load, This lateral deflection noves
the original point of application of the vertical -load, and the
resul ting horizontal displacenment produces an eccentric |oading
condition. (See "x" in Figure 7-15 on page 7-40.)

The total vertical |oad eccentricity that occurs when the-pile
colum is deflected laterally is the sumof the deflection caused
by the horizontal |oad and the additional deflection caused by
bendi ng which occurs as a consequence of the vertical |oad acting
on the pile in its deflected position. The additional deflection
of the pile colum under the applied vertical |oad, and the
correspondi ng increase in the bending stress, is often referred
to as the "P-delta" effect.

The total deflection resulting fromthe conbined action of a
horizontal and a vertical |oad cannot be calculated directly
since it is the sum of a converging mathematical series. How
ever, it may be approxi mated by I ncrenmental addition using the
iterative procedure and fornulas shown in Figure 7-15. (See also
Exanmpl e Probl em 14C in Appendi x D.)

Addi tional bending due to the P-delta effect also occurs when a
vertical load is applied to an unsupported pile that is |eaning
in any direction. \WWen the load is applied, the pile colum wll
deflect laterally in the direction of the pile lean. In this
case the deflecting force is the horizontal conponent of the
ve{tical | oad reaction acting along the axis of the out-of-plunmb
pile.
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When the unsupported length of the pile column is small, the
lateral deflection due to the P-delta effect will be small as
well; consequently, the stress produced by additional bending in
the pile may be neglected. As the unsupported length increases,
however, the deflection also increases so that at some point the
resulting bending stress must be considered in the analysis.

Division of Structures policy requires consideration of bending
due to P-delta deflection when the ratio of the unsupported pile
length to the ground line pile diameter (L,/d) exceeds 15. While
the use of a limiting L,/d ratio of 15 is considerably more
liberal than is typically the case for frame analysis, this
procedure is satisfactory for pile bents because of the inherent
stability provided by the driven piles.

When considering the effect of P-delta deflection, keep in mind
that the "H" value used to begin the iterative calculation is the
total horizontal force produced by the combined application of
the horizontal and vertical design loads. Thus H is the sum of
the horizontal design load and the horizontal component of the
vertical design load acting on the pile in its leaning position.

7-3.03E Adequacy of Braced Bents

For evaluation of design adequacy, braced bents are divided into
three categories, or bent types, depending on the L,/d ratio of
the unsupported pile column, as follows:

Type I - L,/4 < 8.
»Type II - 8 > L,/4d < 15.
Type III - L,/d > 15.

The procedure to be followed depends on the type of bent under
consideration, as explained in the following sections.

7-3.03E(1) Tvpe I Pile Bents

Type I pile bents are bents where all bracing conforms to the
criteria in Section 7-3.03B, Effect of Diagonal Bracing, and
the L,/d ratio of the pile column is 8 or less.

In a Type I bent the bending stress produced by the horizontal

design load may be neglected, and the modified combined stress
expression is:

fway * 2Ly | 2f ’

-— 3F, 3F ~ —e - -

where fwéé = the bending stress remaining in the pile after
soil relaxation takes place.
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= the bending stress due to vertical load eccen-
tricity occurring as a consequence of pile lean.

= the stress in compression parallel to the grain
(axial compression) due to the vertical load.

Fy = the allowable working stress in bending.

= the allowable working stress in compression
parallel to the grain.

In the combined stress expression, the numerical coefficients "2"
and "3" are the load factor and the working stress modification
factor, respectively.

As noted, a satisfactory condition is indicated when the value of
the combined stress expression is not greater than 1.0.

The procedure for evaluating the adequacy of a braced bent using
the modified combined stress expression is as follows:

1.

2‘

Calculate £, following the procedure explained in Sec-
tion 7-3.03A, Effect of Pile Pull.

Calculate the bending stress due to vertical load
eccentricity. .
fbe(l) = (Py) (ex) /S

where f,,, is the bending stress; P, is the vertical de-
sign load, in pounds; e, is the maximum pile lean shown on
the falsework drawings, in inches; and S is the pile
section modulus.

Calculate the stress due to axial compression.
£, =P,/A

where f, is the compressive stress and A is the area of
the pile at the ground line.

When longitudinal forces produced by the horizontal
design load are carried across the bent, the unsupported
length of the pile column in the longitudinal direction,
because of the absence of bracing, will be greater than
in the transverse direction. 1In such cases it is
necessary to determine the allowable compressive stress
using the column formula given in the specifications:

_ 480,000

c

N = ‘?i?737f but not more than 1600 psi._
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In the colum fornula, F, is the maxi mum all owable com

pressive stress parallel to the grain; L,is the unbraced
length, in inches; and d is the |east dinension, in inch-

es, nmeasured normal to the plane of bending.

Note that the colum formula was devel oped for a square
or rectangul ar section. For a round section such as a
tinber pile, the least dinension "d" is the length of the
side of a square having the same cross-sectional area as
the pile under consideration -- not the pile dianmeter.

See Chapter 4, Section 4-2.08, Tinber Posts, for the
erivation of the colum formula.)

Pile area shoul d be cal culated using the ground |ine
dianmeter. It is unnecessary to refine the cal culation by
considering pile taper.

The colum formula given in the specifications is valid
only when the nodulus of elasticity for the menber under
consideration is 1,600,000 psi. If a lower value is
bein? used in the analysis, the allowable stress given by
the Tornmula nust be reduced by the ratio of the nodul us
val ue being used to 1,600, OO0

Wen E is 1,600,000 psi the colum fornula will give an

al | owabl e conpressive stress value bel ow 1600 psi for L,/d
rati os greater than about 17.3. The limtingLr,/dratio
w || be reduced below 17.3 for |ower E val ues.

5 .Enter the appropriate values and sol ve the conbi ned
stress expression.

7-3.03E(2) Type Il Pile Bents

Type Il pile bents are bents where all bracing conforms to the
criteria in Section 7-3.03B, Adequacy of D agonal Bracing, and
the L,/d ratio of the Bile colum is greater than 8 but not nore
than 15. For Type Il bents it is necessary to consider the
effect of horizontal forces but not P-delta deflection,

When cal cul ating stresses and deflections in the pile colum, the
bent will be considered as a braced frame within the vertica
l[imts of the bracing, and the horizontal design load wll be
applied in a plane through the bolted connections at the bottom
of the bracing.

For anal ysis, the unsupported length of the pile colum is the

vertical distance between the relaxed point of pile fixity and

t he connections at the bottom of the |owest tier of bracing, and
the pile colum is assuned to be fixed against rotation and

translation at the relaxed point of fixity and free to rotate and

Lranslate wth the frane at the connection at the bottom of the
racing.
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A - maximum allowable pile pull

P, - vertical design load

H - horizontal design load

X - horizontal displacement after

" applying the horizontal design

loads

L, - unsupported length of pile
column

PF, - relaxed point of pile fixity

L e, - original vertical 1load
u eccentricity
e, - eccentricity due to horizontal
displacement
(1) - driven position of pile

(2) - relaxed position of pile

(3) - position of pile after applying
the horizontal design loads

FI GURE 7-14

Figure 7-14 is a schematic representation of a pile in a Type ||
pile bent before and after the horizontal design |load is applied.
Desi gn adequacy is evaluated as foll ows:

1 .Calculate the bending stress remaining in the pile after

soi|l relaxation takes place, the bending stress produced
by vertical |oad eccentricity due to pile lean and the
stress due to axial conpression and, If necessary, the
al | owabl e conpressive stress. For these calcul ations
follow the procedure for Type | bents explained in the
precedi ng section.

Calculate the bending stress produced by the horizontal
design load.
f.y = (H) (12L,) /S

where f,y is the bending stress; His the horizontal
design load, in pounds; 1L, :is the unsupported |ength of
thg File colum, in feet; and Sis the pile section
modul us.
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3. Calculate the lateral displacenent that occurs when the
horizontal design load is applied to the pile col um.
(See "x" in Figure 7-14.)

_(H) (12L,)°

3EI
where x is the displacenent, in inches; E is the nodul us
of elasticity; and | is the nonent of inertia of the pile

col um.

4 . Calculate the bending stress due to additional vertical
| oad eccentricity caused by the horizontal displacenent.
(The additional vertical |oad eccentricity is nunerically
equal to the horizontal displacenent. See Figure 7-11.)

fory = (P)) (&) /S

where £, is the bending stress; P, is the vertical de-
sign load, in pounds; and e, is the additional vertical

| oad eccentricity caused by the horizontal displacenent,
in inches.

5 . Enter the stress values and solve the conbined stress
expression. For this case the expression becones:

fw) + 2fbe(1) +_2[f,,,‘I + fbea)] . 2f,
3F, 3F,

where £, 1S the bending stress produced by the horizonta
desi gn Poad and fiy 1S the bending stress produced by
vertical load eccentricity resulting fromlatera

di spl acenent of the pile at the point of application of
the horizontal design |oad.

<1.0

As shown in the conbined stress fornula, all bending stresses are
addi tive. This occurs because, when evaluating the adeguacy of
pile bent designs, the horizontal design |load Is assumed to act
In the direction that produces the highest conbined bendi ng
stress in the pile colum.

7-3.03E(3) Type IIl Pile Bents

Type II'l pile bents are bents where all bracing conforns to the
criteria In Section 7-3.03B, Adequacy of Diagonal Bracing, and
the L,/d@ ratio of the pile colum exceeds 15. For Type ||
bents it is necessary to consider the bending stress produced
by P-delta deflection. The procedure is as foll ows:

1 . Calculate the bending stress remaining in the pile-after

soi|l relaxation takes place and the bending stress due to
pile |ean.
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. Calculate the bending stress due to application of the
horlzonSaI design load. (See step 2 in the preceding
secti on.

. Calculate the horizontal conponent of the vertical |oad
reaction when the vertical load is applied to the pile in
its initial |eaning position.

H, = (P)) (e,) /12L,

where H, is the horizontal conponent, in pounds; P,isS the
vertical load, in pounds; e, is the maxi num allowable pile
| ean shown on the fal sework drawings, in inches; and L, is

the length of the pile when P, is applied, in feet.

Both the horizontal desi?n load [H and the horizonta
component of the vertical design load ([H,] act on the pile
to produce additional vertical |oad eccentricity. There-
fore, these two forces are added to obtain the horizon-
tal force to use in the P-delta cal cul ation.

. Using the total horizontal force fromstep 4, calculate

the total horizontal displacenent (e3) follow ng the
procedure explained in Section 7-3.03D, Effect of P-delta
Deflection, and illustrated in Figure 7-15 Exanple
Probl em 14C i n the appendi Xx.

. Calculate the bending stress produced by the horizontal
di spl acenent cal culated in step 5.

foesy = (P)) (&5) /S

where f,s 1S the bending stress; P, is the vertical de-
sign load, in pounds; e; is the P-delta deflection due to
the conbined effect of the horizontal design |Ioad and
pile lean, in inches; and Sis the pile section nodul us.

Cal cul ate the stress due to axial conpression

. Determne the allowabl e conpressive stress using the
colum fornula given in the sPeC|f|cat|ons. (See the
di scussion in Section 7-3.03E(l), Type | Pile Bents.)

. Enter the stress values and solve the conbined stress
expression. For this case the expression becones:

Ty * 280y + 2[ Loy + L)) . 2f,

<1.0
3F, 3F

c
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The val ue for
in the anal

'll Hl
ysis.

val ues are 1 n pounds.

the cal cul ated total
cal cul ated total

L, -
PF:-

X, =

X3 =

I's the actual
In the fornul as, _ (
The iteration may be discontinued when

unsupported length, in feet
relaxed point of pile fixity
vertical design load, in pounds
actual horizontal force, in pounds

horizontal displacement, in inches,
due to H

_ (W) (12L)3

- 3EI
total horizontal displacement, in
inches, when P, is applied at point (1)

fictitious force required to produce x,
(P,) (x)

121,

(Hy) (12L,)% _ (H,) (x)
3EI H

total horizontal displacement, in
inches, when P, is applied at point (2)

Hy =H +

X =

fictitious force required to produce x,
(P,) (x,-x)
iz2L,

(Hz)(lzr..,,)3 _(H) (x)
* = 3EL ST H

total horizontal displacement, in
inches, when P, is applied at point (3)

H, =H, +

fictitious force required to produce x,

_ (P,) (x,-x,)

x (H;) (12L,)* _ (H;) (x)
= 3EI - H

force being used
force

hori zontal
all horizontal

di spl acenment exceeds the previously

7- 40

di spl acenent by less than 5 percent.

FIGURE 7-15
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7-3.03F Investigation of Longitudinal Stability

The discussion in Sections 7-3.03E(2% and 7-3.038§3) has focused
on the procedures used to evaluate the adequacy of Type Il and
Type 11l pile bents, respectively, when subjected to horizonta
forces applied in the transverse direction, or parallel to the
pl ane of the bracing. However, the falsework system nust be
capabl e of resisting horizontal forces applied 1n any direction;
therefore, the Pile bent anal ysis nust consider |ongitudinal
stability as well.

I n nost fal sework designs, longitudinal stability is achieved by
carrying the horizontal design |oad across the fal sework bents to
a point of external support, such as an abutment or colum that
is part of the permanent structure. Such designs nust conply
wth the provisions in Section 5-1.04, Longitudinal Stability.

When pile bents are designed in accordance with Section 5-1.04,
| ongi tudi nal application of the horizontal design |oad need not
be considered in the pile analysis. If, however, |ongitudina
stabilit% I's provided by sonme other neans, such-as diagonal
braci ng between two or nore adjacent bents, the ability of the
piles to resist the horizontal design |oad nust be investigated.

Di agonal bracing used in the |ongitudinal direction nust conply
with the provisions Section 7-3.03B, Adequacy of Di agonal
Bracing, i1ncluding the requirement for a horizontal nenber

bet ween the connections at the bottom of the bracing. The
hori zontal nenber nmust be sized to carry the horizontal design
|load as a colum. I|f the nenber is not so designed, or if the
bracing fails to conply with Section 7-3.03B in any other aspect,
the bent will be considered "unbraced" for analysis in the

| ongi tudinal direction.

Wien the longitudinal bracing is adequate, the horizontal design
| oad will be aBpIied in a plane through the connections at the
bottom of the bracing, and the stresses and deflections in the
pile colum below the bracing wll be calculated as provided in
Sections 7-3.03E(2) and 7-3.036(3) for Type Il and Type I|I|

bent s, respectivelﬁ. However, there are several additiona
factors that nust be kept in mnd when naking the |ongitudinal
anal ysis, as discussed in the foll ow ng paragraphs.

First, when the connections at the bottom of the |ongitudi nal
bracing are not |ocated in the sane horizontal plane as the
connections at the bottom of the transverse bracing, the length
of the pile colum below the bracing will be different for the

| ongi tudi nal and transverse directions, and this may result in
different bent types in the two directions. For exanple, a given

bent may be Type |l for analysis in the transverse direction, but
because of the braC|n3_IocaL|on,_the bent may be Type |1l when
viewed in the |ongitudinal direction.
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Second, all bents that are connected by |ongitudinal bracing wll
defl ect together when the horizontal design load isapplied in
the longitudinal direction; consequently, the total horizontal
design [oad acting on the system nust be apportioned between the
bents. Wien the piles in each bent have simlar properties, each
bent will resist one-half of the total load, but this wll result
in a different design load longitudinally than transversely

unl ess each bent carries the sane vertical [ oad.

Consi der the bent and bracing arrangenment shown schematically in
Figure 7-16. For braced bent D-E, the horizontal design load in
the transverse direction is 0.02P and 0.03P at bents D and E,
respectively. In the longitudinal direction, however, the design
load is (1/2)(0.02) (P + 1.5P) = 0.025P at both bent D and bent E.

Even where the vertical load is the same at all bents under
consideration, the horizontal design load is not necessarily the
sane. For exanple, at bent A-B in Figure 7-16, the horizontal
design load in the transverse direction is the same for both
bents. In the |ongitudinal direction, however, sone portion of
the horizontal |oad generated by the vertical load applied to
free-standing bent C will be carried over to bent B, and this
produces a greater horizontal design |oad |ongitudinally than
transversely at each -bent in the A-B system

Finally, differences in the applied vertical |oad on adjacent
braced bents nmay create a situation where the piles in the two
bents will have different physical properties, as would be the
case at bents DE and F-G for exanple, if bents E and F require
a larger dianmeter pile to carry the heavier vertical load. In
such bents, the total horizontal |oad acting on the system nust
be apportioned between the bents in a manner that reflects the
relative stiffness of the piles in each bent, rather than equally
bet ween the bents.

. . . . 1.5P 1.5P .

v V ' l‘j/ v V v
3 4

A B C D E F G

FIGURE 7-16
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7-3.03G Analysis of Unbraced Bents

An unbraced bent is any bent where diagonal bracing is not used
and which is not stabilized by external support. For analysis,
the term "unbraced bent" also includes any braced or partly
braced bent where the bracing does not neet the criteria in
Section 7-3.03B, Adequacy of Di agonal Bracing.

When cal cul ating the deflection and bending nmonent in an unbraced
bent, the horizontal design load will be applied in a plane at
the top of the piles, and the piles will be analyzed as unsup-
ported cantilevers extending fromthe relaxed point of pile
fixity to the pile cap.

Except for the point of application of the horizontal design

| oad, the adequacy of unbraced bents is evaluated in the sane
manner as braced bents. Follow the procedure for the appropriate
pile bent type as discussed in Section 7-3.03E, Adequacy of
Braced Bents.

7-3.04 Field Evaluation of Pile Capacity

Because of the construction uncertainties associated with pile
driving, piles in the driven position do not always attain the
penetration assunmed in the analysis. Additionally, unanticipated
driving and/or site conditions nmay cause a driven pile to deviate
fromits planned position to a significantly greater degree than
the all owabl e devi ati on assuned by the contractor and shown on
the fal sework draw ngs.

From a contractual standpoint, any pile that fails to reach the
requi red penetration, or which deviates fromits theoretical
position to a greater extent than the allowable deviation shown
on the fal sework draw ngs, or which fails to neet any other
design assunption, may be rejected without further evaluation
because the construction work represented by that pile is not in
conformance with the approved fal sework draw ngs.

The above policy notw thstanding, circunmstances nmay arise which
in the engineer’s judgment woul d warrant an eval uation of the
actual load-carrying capacity of a particular pile in its driven
condition. It is enphasized, however, that field personnel are
not authorized to undertake any unilateral investigation of
driven pile adequacy. Wien driven piles are not in conformance
wi th design assunptions shown on the fal sework drawi ngs or noted
on the drawings as a condition of design approval, no further
evaluation is required or expected unless the contractor requests
an eval uation, and submts a revised fal sework drawing with
supporting cal cul ati ons show ng that the pile or piles in the
non-conform ng as-driven condition are neverthel ess capable of
resisting the design |oads.
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The procedures used by the Division of Structures to estimate the
capacity of piles which do not attain the penetration necessary
to devel op P|Ie fixity, or which in their driven position exceed
the allowable driving tol erances shown on the fal sework draw ngs,
are explained in the follow ng sections.

Section 7-3.04A Failure to Attain Required Penetration

As discussed in Section 7-2.02A, Required Pile Penetration, the
Division of Structures uses the ratio of the depth of pile
penetration to the height of the pile above the ground surface
(expressed as DDH) as the criterion to ascertain whether a given
pile is driven deeply enough to develop the fixed condition. For
analysis, pile fixity is assunmed when the DDH ratio is 0.75 or
mor e

When driven piles do not attain the penetration necessary to
assure the fixed condition, the procedure for analysis discussed
in the preceding sections of this manual is not valid. However,
the Division has devel oped an alternative procedure that may be
used to estimate the |oad-carrying capacity of such piles.

The Division's alternative procedure assunes that any pile having
a DHratio of less than 0.75 wll rotate to a degree when the

| oads are applied. The amount of rotation is a function of the.
restraint devel oped by the pile enbednment actually obtained. The
degree of restraint decreases and rotation increases as the DH
rati o becones snaller; consequently, the procedure depends on the
actual D/H ratio in,a given situation, as explained in the
followm ng Sections.

7-3.04A(1) Analysis for DDH Rati os Between 0.75 and 0. 45

When the DDHratio is less than 0.75 but not |ess than 0.45,
the piles are capable of resisting sonme bendi ng. The anount

of bendi ng resistance devel oped by a given pile is an inverse
function of the degree of rotation. As the DH rati o decreases
between the limting values, rotation increases and bendi ng
resi stance and overall |oad-carrying capacity are reduced.

* Reference to the chart in Figure 7-17 reveals that pile
rotation will reduce the relative stiffness of a pile for all DH
rati os below 1.0, although the stiffness coefficient is too snall
to have an appreciable influence on pile capacity until the DH
rati o decreases to about 0.75. For this reason, the D vision of
Structures has selected 0.75 as a practical limting DHratio
for the fixed-condition assunption.
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To account for the reduced overall |oad-carrying capacity when
rotation occurs, the analysis applies a stiffness reducing

coefficient when calculating the depth to the point of pile

fixity. The stiffness reducing coefficient, or "Q', is obtained

?raphlcally_fron1the chart in Figure 7-17, which shows qval ues
or DHratios from0.45 to 1.0 for average and soft soils.

The procedure for estimating pile capacity is as follows:
1 . Determne the actual D)H ratio using the as-driven p

I
penetration. Using the actual D/H ratio, select "Q f
the chart in Figure 7-17.

e
rom

2 . Using the Qvalue fromstep 1, calculate a new L,val ue.

New L, = H + (Q) (Y,)

where ¥, is the previously calculated depth to the rel axed
poi nt of pile fixity and the expression (Q(Y,) is the
in

depth to an adjusted point of fixity used in the
anal ysi s.
1
1.6 i
!
H |
1.5 |
| New L2
1 4 Groundél.lne I/
a Qv,

Normal Soil

1.3 «\\ A D y New PF,
\\ Soft Soil
1.2 -

11 \\\\

1.0 \\\\-::::-~__;

045 0.50 0.60 0.70 0.80 0.90 1.0
D/H RATID

FI GURE 7-17
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Note that it is unnecessary to calculate a newwyw, value
because it is unnecessary to recalculate the bending
stress that occurs during the initial _pile pull. The
smaller D)H ratio results in a longer L, colum, which in
turn produces a lower initial bending stress.

3. Using the new L,, calculate a new unsupported |length and a
new (adjusted) L,/aratio. (The new unsupported length is
the vertical distance between the bottom of the bracing
and the ground surface plus the depth to the adjusted
point of pile fixity [QX Y,] fromstep 2.)

Use the newL,/daratio to determ ne the bent type for the
pil e capacity anal ysis.

4 . For a Type | bent use the new L, length and cal cul ate new
values for £, and £.,-

5. For a Type Il bent, use the new L, -to calculate new val ues

for fypepand f.g.and the new L,to cal cul ate new
values or £y and foq -

1 . For a Type IIl bent use the new L, to cal cul ate new val ues
for fu,e and f.,. and the new L, to cal cul ate new val ues
for £y @and £y

Enter the new values obtained in steps 4, 5 or 6 as the case may

be in the appropriate conbined stress expression. The pile is
adequate if the value of the expression is not greater than 1.0.

7-3.04A(2) Analysis for D/H Ratios Below 0.45

For D)H ratios below about 0.45, the ability of a given pile to
resi st Pullback bendi ng decreases rapidly and, as the theoretical

point of contraflexure approaches the pile tip, piIe restraining
capability becones h| hl'y subjective. Furthernore, Flle
enbednment decreases, e type of soil has a S|gn|f|cant y greater

i nfluence on the abil|ty of a pile to resist rotation.

For these reasons, piles having a DH ratio of less than 0.45 are
consi dered as incapable of developing a true point of fixity.

When subjected to. a bending nmonent, such piles are assuned to be
free to rotate but restrained against lateral translation at or
very near the pile tip.

In view of the uncertainties associated with low D)H rati os,

Di vision policy assunes that any pile having an actual D)H ratio
| ess than 0.45 will be capable of carrying axial |oads only, For
such piles, any vertical |oad eccentricity and all horizontal
forces nmust be resisted by bracing, external support or other
piles in the system
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Section 7-3.04B Failure to Meet Driving Tol erances

| n accordance with Division policy, bending stresses produced by
the allowable driving tolerances (pile pull and pile |ean values
shown on the fal sework drawi ngs) are added when review ng false-
work designs for conpliance with contract requirements. This
procedure is necessary to ensure that the piles are not over-
stressed under the nost adverse |oading conbination.

In practice, however, the pile pull direction nay be opposite to
the vertical |oad eccentricity caused by pile lean, in which case
t he adverse | oadi ng conbinati on assuned in the analysis will not
occur. Wien the pile pull direction is opposite to the vertical

| oad eccentricity, the two bending stresses are conpensati ng.
Dependi ng on the actual as-driven position, excessive pile pul

in one direction may be offset by excessive lean in the opﬁosite
direction, so that the resulting conbined stress is |less than the
al l owabl e stress.

Refer to Figure 7-18 and note that ™A .and "e" are the actua

pul | and | ean distances for the driven position of a pile in a
braced bent. Both distances exceed their respective allowable
values for pile pull and pile | ean shown on the approved false-
work drawi ngs. (Note: for the follow ng general discussion, the
direction of pile pull and the direction of pile |ean are assuned
to be in the same vertical plane.)

When cal cul ating bending stresses for the as-driven position of a

ghven pile, follow the procedures explained in Section 7-3.03,
alysis of Pile Bents, but use the actual pile pull and pile

| ean di stances. Note, however, that for the as-driven analysis,

it is also necessary to determ ne whether the bending stress

val ues are positive or negative before solving the conbi ned

stress expression.

| n accordance with standard sign convention, stress values are
positive or negative depending on the direction of the bending
nmoment applied at the relaxed point of pile fixity. A cl ockw se
monent produces positive bending stress. Conversely, a counter-
cl ockwi se nonent produces negative bending stress. Therefore, in
a Type | bent, the conbined stress expression for the general

case is:

t fhpe) * 28pey |, 2L

$1.0
3F, 3F

c

The vertical lines on either side of the bending stress fraction
indicate that the absolute value of the fraction is to be used
when solving the expression
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A - actual pile pull distance, in
inches, for the as-driven pile

e - pile eccentricity = actual
pile lean, in inches, for the
as-driven pile

P, - vertical design load

2 PF, - relaxed point of pile fixity
(i.e., after soil relaxation
takes place)

L, - relaxed length of pile column,
in feet, from PF, to top of
— pile : '

(1)- as-driven position of
pile

- (2)- relaxed position of pile

FI GURE 7-18

Refer to Figure 7-18 and note that the pile pull, because it is
cl ockwi se, produces a positive bending stress. The vertical |oad
eccentricity due to pile lean applies a counter-clockw se nonent;
therefore, the stress it produces is negative. For the pile in
Figure 7-18, the conbined stress expression |ooks like this:

. 2L
3F

£ £ip2) - 28e
3F,

£1.0

c

Summari zi ng, when the as-driven position of a pile in a Ter I
bent exceeds the dr|V|n% tol erances shown on the fal sework draw
ings, the capacity of that pile my be estimated as foll ows:

1 . Calculate the initial bending stress due to pile pul
using the actual pull distance. If the cal cul ated stress
Is less than the allowable stress of 4000 psi for the
initial pull, calculate the relaxed bending stress.

2 . Calculate the bending stress due to pile lean using the
actual eccentricity distance.

3. Determne the direction of the applied bendi ng nonent at
the relaxed point of pile fixity and the sign (positive
or negative) of the two bending stresses.
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4. Determine the stress due to axial conpression. (Axial
conpression is not affected by the excessive pile pull or
pil e I ean; consequently, the value to be used in this
anal ysis is the value calculated for the design review)

5 .Enter the stress values and solve the conbined stress
expression. The | oad-carrying capaciﬂy of the pile in
its driven position is satisfactory if the value of the
conbi ned stress expression is not greater than 1.0,

Wien the pile to be evaluated is in a Type Il bent, it is also
necessary to consider the effect of horizontal deflection. For a
pile in a Type Il bent, then, the conbined stress expression for

the general case is:

L 20+ fhey] | 28
3F, 3F

x Fipy) 2 2fpe )

£<1.0
3F, .

c

As shown in the expression, both the relaxed bending stress
(£, the stress due to pile lean (f,,my be either posi-
tirve or negative depending on the direction of bending, while the
sum of the bending stresses produced by the horizontal design

| oad (£, + f.p0S positive. (Note that the H | oad bending
stresses are afways positive because, even though the horizontal
design |oad may act fromeither direction, for analysis the
horizontal load is applied fromthe direction that produces the
hi ghest conbi ned bending stress.)

Wien the pile to be evaluated is in a Type Ill bent, the final
termin the numerator of the bending stress fraction is replaced
by f.s tO0 account for the additional vertical |oad eccentricity
produced by P-delta deflection

The precedi ng discussion has assumed that pile pull and pile |ean
(and horizontal deflection, if applicable) are in the sane plane.
I n actual practice, this would be an unlikely occurrence.

When the bending forces due to pile pull and pile lean act in

different vertical planes, it is necessary to add the bending

stress vectors geonetrically and enter the resultant stress in
t he conbi ned stress expression.

The procedure for evaluating pile capacity using vector analysis
is explained in the follow ng section. Keep in mnd, however,
that an anal ysis based on the assunption that pile pull and pile
lean are in the same plane is conservative since, for a given
pile, it gives a |arger conbined stress expression value than an
anal ysis that considers the actual direction of application of
the bending forces. Therefore, stress vectoring should not be
necessary in all cases.
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Determ ning in advance of analysis whether the relative direction
of application of the bending forces is of sufficient inportance

to warrant consideration is a matter of engineering judgnment. As
a guide, if the angle between the two bending planes i1s snall,

say |ess than about 30 degrees, sane plane bending nmay be assuned
and the evaluation nmade on this basis. If the value of the

conbi ned stress expression is less than 1.0, the pile under

consi deration is adequate.

|f the cal culated val ue of the conbined stress expression is
greater than 1.0, judgnment is required to determ ne whether
reeval uation using vector analysis will result in a satisfactory
condition. Generally, if the value is greater than 1.0 but only
slightly greater, pile capacity should be reeval uated based on
the actual direction of |oad application.

7-3.04B(1) Vectorins of Stresses

Figure 7-16 is a schematic plan view showi ng the |ocation of the
bottom of a pile, the top of the sane pile Inits driven and
final (pulled) position under the cap, and the direction of pul
and the direction of lean after pulling. Al so-shown are stress
vectors for the relaxed bending stress [f,g] and the bending
stress due to pile |ean(2f,,],and the resultant of these two
vectors. Note that the stress resultant is designatedg,".

In a braced bent, the procedure for evaluating pile capacity
using stress vectoring is as follows;

1 .Determne the direction of pull and the pull distance.

2 . Calculate the initial bending stress due to the pile pul
using the actual pull distance. If the cal cul ated stress
is less than the allowable stress of 4000 psi for the
initial pull, calculate the relaxed bending stress.

3 .Determne the direction of |ean after the pile is pulled,
and the magni tude of the |ean.

4 . Calculate the bending stress produced by vertical |oad
eccentricity resulting fromthe pile lean using the
actual eccentricity distance.

.Multiply the value obtained in step 4 by the |oad factor
coefficient of 2 to obtain the stress value to use in the
resul tant cal cul ation

o1
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Direction of Pull——]
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Direction of Lean

after pull
Top of Pile tane(l))
under cap
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as driven / Top of P}\e
1 F?/—_ as driven
\ e
e

Direction of Horizontal Load (Fpy)

FI GURE 7-19

6 . Plot the stress vectors as shown in Figure 7-19. Note
that the vectors are plotted outward fromthe center of
the pile in the direction of pull and |ean.

Wiile plotting is not essential to the calculation, it
has two inportant advantages. First, a graphical portra-
yal of the problem provides a visual check on the direc-
tion and magnitude of the resultant. Second, if the
vectors are plotted on a | arge enough scale, the resul-
tant stress value may be scaled with sufficient accuracy
to use in the remaining cal culations.

7 . Calculate (or scale.) the resultant bending stress.
Axi al conpression is not affected by the excessive pile pull or

pile |ean, consequently, it is unnecessary to recalculate the
conpressive stress.
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For a Type | bent, the conbined stress expression is:

fr , 2f. _ 1.0
3F, 3F, ~
Wien the pile to be evaluated is in a Type Il or Type Il bent,

the effect of horizontal deflection nust be considered. However
since the bending stress Froduced by the horizontal |load is not
affected by excessive pull and/or excessive |ean, the bending
stress values to be used in the conbined stress expression are
the values previously calculated for the design review Al so,
since the horizontal design load may act in any direction, for
the analysis it is assunmed to act in the sane direction as the
resultant force [fpg] because this wll produce the highest
stress. (See Figure 7016.) Therefore, all bending stresses wll
be additive.

For a pile in a Type Il bent the conbined stress expression is:

fr * z[fjl)}{+fbe(2)] . 2f, <1.0.
3F, 3F, -

When the pile being evaluated is in a Type Il bent, it is a also
necessary to consider the P-delta effect, and the conbined stress
expressi on becones:

for + 2[Ey + Lip)) . 2f, <1.0
3F, 3F, =

c

Example Problem 15 illustrates the procedure to be followed when
evaluating the actual load-carrying capacity of driven piles in
Type II and Type III bents.

7-3.05 Capacity of Steel Piles and Steel Pile Bents

Cccasional ly, anticipated hard driving or a particular site
condition wll dictate the use of steel piles for fal sework
support, Additionally, steel piles may be used where foundation
| oads are of such high magnitude that tinber piles, because of
their |ower |oad-carrying capacity, are not feasible.

For analysis, steel piles which are cut off and capped near the
ground li1ne may be considered as laterally supported agai nst
buckl i ng. Accordingly, the |oad-carrying capacity of such piles
wll be equal to the driving resistance determned as provided in
Section 7-3.01, Introduction, but not nore than the pile can
carry when anal yzed as a short col um.
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As a general prem se, subsurface conditions that dictate the use
of steel piles will not be conducive to the devel opnent of a true
point of contraflexure in the pile. Accordingly, it is D vision
of Structures policy to consider the piles in a steel pile bent
as col ums Pinned at the pile tip. For analysis, the tip may be
assumed as fixed against lateral translation but free to rotate
when subjected to a bendi ng nonent.

Dependi ng on the design; sone frane stiffness may be devel oped by
the connection at the top of the pile. For exanple, if the piles
are welded to a steel cap, the connection wll be fixed; however,
the degree of rotational restraint provided by the cap and the
extent to which the fixed connection will influence pile stiff-
ness are not readily determned. In view of the indetermnate
nature of the problem the piles should be assuned as pi nned at
the top, as well as the tip, when nmaking the frane anal ysis.

The absence of pile fixity wll have a significant effect on
franme stability, since all horizontal forces nmust be resisted by
the bracing system Therefore, when investigating the ability of
the bracing to prevent frame col |l apse, the horizontal force
produced by vertical |oad eccentricity (pile |ean) nust be added
to the collapsing force generated by the horizontal design |oad
to obtain the total horizontal force to be resisted by the fal se-
work Dbracing system

Depending on their configuration, steel pile bents nmay provide
l[ittle or no inherent resistance to overturning. Accordingly,
overturning resistance wll be an inportant consideration, since
the frane nust be stable against overturning as well as stable
agai nst collapse. (See Chapter 5 for stability considerations.)

Wien investigating overturning stability, any theoretical uplift
resi stance provided by the piles will be neglected.

Eval uating the adequacy of steel pile bents involves the con-
sideration of factors that are not subject to precise analysis;
consequently, some subjective judgnment is required. In view of
this, the fal sework draw ngs should not be approved until the
engineer is satisfied that the design assures frame stability
under all anticipated |oading conditions.

The procedures used by the Division of Structures for
anal ysis of tinber pile bents were devel oped enpirically from an
eval uation of the actual |oad-carrying capacity of tinber piles,
and thus they are not applicable to steel pile bents.
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